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Senescence, a progressive degenerative process leading to age-
related increase in mortality, is found in most eukaryotes. How-
ever, the molecular events underlying aging remain largely
unknown. Understanding how longevity is regulated is a funda-
mental problem. Here we demonstrate that the respiratory func-
tion is a key factor that contributes to shortening lifespan of the
filamentous fungus Podospora anserina. In this organism, senes-
cence is systematically associated with mitochondrial DNA insta-
bilities. We show that inactivation of the nuclear COX5 gene
encoding subunit V of the cytochrome ¢ oxidase complex leads to
the exclusive use of the alternative respiratory pathway and to a
decrease in production of reactive oxygen species. This inactivation
results in a striking increase of longevity associated with stabili-
zation of the mitochondrial chromosome. Moreover, accumulation
of several senescence-specific mitochondrial DNA molecules is
prevented in this nuclear mutant. These findings provide direct
evidence of a causal link between mitochondrial metabolism and
longevity in Podospora anserina.

Ithough senescence is a characteristic feature in most or-

ganisms, the mechanisms whereby the aging process is
controlled have yet to be elucidated. Numerous studies implicate
mitochondria in this process. A decrease of mitochondrial
function and an increased proportion of defective mitochondrial
DNA (mtDNA) molecules do indeed accompany aging in most
organisms (see refs. 1-3 for reviews). That mitochondria con-
tribute to aging appears to be a reasonable proposition. Mito-
chondria, whose primary function is to produce energy, play a
central role in cellular metabolism and in the control of vital
functions. They also represent the major source of reactive
oxygen species (ROS) (4), which seem to be implicated in a
variety of pathological processes and aging (see refs. 5-7 for
reviews). However, few studies provide any direct evidence that
mitochondria are causally involved in aging. Recently it was
shown in Caenorhabditis elegans that the products of the clk-1
and mev-1 genes, which control lifespan, are located in
mitochondria and that their function affects the level of
respiration (8, 9).

In the filamentous fungi Podospora anserina and Neurospora
crassa, senescence is always associated with the accumulation of
defective mitochondrial DNA (see refs. 10 and 11 for reviews).
In P. anserina, aging is systematically correlated with the
accumulation of circular multimeric DNA molecules called
senDNAs. Several groups of senDNAs originating from separate
regions of the mitochondrial chromosome can be recovered. One
of them (senDNA «) is present in all senescent cultures of
wild-type strains. It exactly corresponds to the first intron (intron
a) of the COX1I gene, which encodes subunit I of cytochrome ¢
oxidase. Intron « is a mobile group II intron able to transpose
in the mitochondrial chromosome (12). Analysis of mitochon-
drial mutants selected as escaping senescence revealed that they
carry a deletion of the mitochondrial chromosome that covers
part of the intron « and the first exon of the COX1 gene (13-15).
As a result, these mutants are deficient for the intron « activities
and unable to generate senDNA «. They also are deficient in
cytochrome c oxidase and use the cyanide-resistant alternative
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pathway for respiration. Recently we have shown that intron «
is not necessary for the occurrence of senescence, although it is
an accelerator of the process, probably by means of its role in the
destabilization of the mitochondrial chromosome (16). In hu-
mans and in other organisms, aging and several mitochondrial
diseases (3, 17-22) are associated with respiratory defects and
accumulation of mtDNA rearrangements. However, the rela-
tionships that causally link these different parameters are far
from established (2, 19). Thanks to the occurrence in P. anserina
of an alternative pathway of respiration, this organism provides
a suitable model for studying the effects of the absence of the
cytochrome respiratory pathway on senescence. Thus we decided
to examine the effects of the complete absence of cytochrome ¢
oxidase in strains containing a fully functional mitochon-
drial chromosome, potentially able to give rise to the diverse
senDNAs and mitochondrial modifications observed during
senescence.

In the present study, we report the isolation and the disruption
of the nuclear gene encoding subunit V of cytochrome ¢ oxidase.
We show that this disruption leads to the exclusive use of the
alternative oxidase, to a striking increase of longevity, and to a
strong stabilization of the mitochondrial chromosome. These
findings provide direct evidence of a causal link between respi-
ration and longevity and demonstrate that the cytochrome
respiratory function is one of the major processes contributing to
the destabilization of the mitochondrial genome and the short-
ening of lifespan.

Materials and Methods

Strains, Growth Conditions, and Lifespan Measurement. Genetic and
physiological properties of P. anserina have been described by
Rizet and Engelmann (23) and reviewed by Esser (24). All of the
strains used in this study are derived from the wild-type s strain
(25). The mex16 strain was selected as a long-lived mitochondrial
mutant. The mutation consists of an insertion accompanied by
a short deletion covering part of the intron « and of the upstream
exon COXIel (14). Resistance to phleomycin and hygromycin B
was measured on minimal synthetic medium (M2) containing,
respectively, 10 pg/ml and 100 pg/ml of the corresponding
antibiotic. Sensitivity to salicylhydroxamic acid (SHAM) was
tested on M2 medium supplemented with 150 pwg/ml SHAM.
Lifespans were measured on M2 medium in culture tubes at
27°C, on five subcultures derived from two to six independent
spores of each strain, as previously described (26). The lifespan

This paper was submitted directly (Track Il) to the PNAS office.

Abbreviations: ROS, reactive oxygen species; senDNA, circular multimeric mtDNA associ-
ated with senescence; SHAM, salicylhydroxamic acid; DCF, dichlorofluorescein.

Data deposition: The nucleotide sequence of the Podospora anserina COX5 gene has been
deposited in the GenBank database (accession no. AJ245552).

*To whom reprint requests should be addressed. E-mail: sainsard@cgm.cnrs-gif.fr.

The publication costs of this article were defrayed in part by page charge payment. This
article must therefore be hereby marked “advertisement” in accordance with 18 U.S.C.
§1734 solely to indicate this fact.

Article published online before print: Proc. Natl. Acad. Sci. USA, 10.1073/pnas.070501997.
Article and publication date are at www.pnas.org/cgi/doi/10.1073/pnas.070501997



of a strain was defined as the mean length of growth of parallel
subcultures between the point of incubation and the arrest edge
of the culture.

Nucleic Acid Analysis. P. anserina mitochondrial and nuclear DNA
and RNA were extracted either by the minipreparation method
(27) or by purification in a 4’,6-diamidino-2-phenylindole
(DAPI)/CsCl gradient (28). Southern analysis followed the
standard protocol (29). The specific probes used to reveal the «,
B, and y senDNAs are as described by Begel et al. (16).

Cloning and Sequencing Procedures. The two primers used to
amplify a fragment of the COX5 gene from P. anserina genomic
DNA were specific N. crassa primers. They are located in highly
conserved regions of the COX5 gene (30). Their sequences are,
respectively, 5'-AGATGGGAGCAGATGCCCATGCAG-
GAGCAG-3' and 5'-TTGCCACTCCTTGGTCATGGTG-
GCAGGAGGGGG-3'. Amplification was achieved by 35 cycles
of touchdown PCR (92°C for denaturation, 66—62°C for hybrid-
ization, and 72°C for elongation). The 533-bp product obtained,
used as a probe, revealed a 2.6-kb EcoRV genomic fragment. An
EcoRV minibank was prepared and screened with the same
probe, and a positive clone (more than approximately 1,800 were
tested) was selected and sequenced. To complete the sequence
of the region downstream of the COX5 coding sequence, an
amplification product covering the end of the COX5 gene was
obtained and used as a probe; it revealed a 1.6-kb Munl genomic
fragment. This fragment was circularized, amplified according to
the inverse PCR method, (31) and sequenced.

RNA Analysis. Reverse transcription-PCR (RT-PCR) assays were
performed to define the position of the introns and localize the
polyadenylation site. Thirty micrograms of total RNA and 50 pM
V(T)34 oligonucleotide (V = G, C, or A) were denatured and
annealed. Reverse transcription was performed with 5 units of
avian myeloblastosis virus (AMYV) reverse transcriptase, 10
pmol of each dNTP in 1X AMYV buffer at 42°C for 1 h. PCR
amplification was carried out in 25 ul containing 1% of the
c¢DNA obtained, 50 pM COX5-specific and V(T)z4 primers, 250
uM each ANTP, and one unit of Pfu DNA polymerase (Strat-
agene) for 30 cycles.

Vector Constructions and Transformation. The bacterial hygromycin
B phosphotransferase gene (HPH), which confers resistance to
hygromycin B, was cloned into the BamHI site of pUCIS to give
pPHI1. The 2.6-kb EcoRV fragment containing the COX5 gene
and its flanking sequences was inserted into the Smal site of
pPHI, resulting in the plasmid pPHS51. Plasmid pPH52 contain-
ing the COX5 gene deleted for 139 bp and interrupted by the
insertion of the TnS bacterial BLE gene, which confers resistance
to phleomycin (32), was obtained as described in Fig. 14.
Transformation experiments were conducted as previously de-
scribed (33) except that the protoplast preparation was carried
out in 2% (wt/vol) Glucanex (Novo Nordisk), a B-glucanase.

Respiration. Spectral analysis of the cytochromes of whole cells
was performed as previously described (34). The percentage of
cyanide (CN)- and SHAM-sensitive respiration was measured
on mycelia harvested from liquid medium in a Gilson oxygraph
equipped with a Clark type O, electrode. Assays were made in
0.6 M sorbitol/7.5 mM MgCl,/10 mM KH,PO,4/10 mM imida-
zole, pH 7.4/0.2% BSA. KCN at 1 mM or SHAM at 2.5 mM was
added, respectively, to inhibit the cytochrome ¢ oxidase or the
alternative pathway (35).

Flow Cytometric Analysis. ROS elimination was measured by the

production of dichlorofluorescein (DCF) derived from oxidiza-
tion of the reduced diacetate form H,DCF-DA (36). Protoplasts
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Fig. 1. (A) Construction of the plasmid pPH52 designed for gene disruption.
The plasmid pPH51 containing the HPH gene and a 2.6-kb fragment including
the COX5 gene and its flanking sequences (filled bar) was amplified in a PCR
experiment using two divergent primers (*). The amplification product (thick
line) is deleted for 139 bp, including the start codon and the complete
mitochondrial targeting sequence. It was ligated to the BLE cassette, giving
plasmid pPH52. The disrupted COX5 gene is designed cox5::BLE. (B) Diagram
of integration by homologous recombination. (C) Southern analysis of trans-
formants. Genomic DNA was digested by Nhel (position shown in B) and
hybridized with the probe located in the COX5 gene and indicated by a square
outside pPH52 in A. Lane 1 is a primary transformant; lane 5 the recipient
wild-type strain, lanes 2 to 4 are secondary monokaryotic progenies derived
from the cross between the primary transformant and the wild-type strain.
The 2.1- and 2.6-kb fragments respectively correspond to the wild-type and
disrupted COX5 locus.

were suspended at 10° per ml in a 0.6 M sorbitol/10 mM
Tris'HCI, pH 7.5, solution and loaded with H,DCF-DA (80 uM).
Measurements of the fluorescent DCF were performed every 15
min to follow ROS production in each strain. The nontoxicity of
H,DCF-DA in our experimental conditions was monitored by
the ability of the protoplasts to regenerate during the course of
the experiment. Flow cytometric measurements were performed
on a XL3C flow cytometer (Coulter, France). H,O, was added
at a 0.018% concentration, corresponding to the minimal con-
centration necessary to reduce the growth rate of all of the
strains analyzed. KCN was added at 1 mM to inhibit the
cytochrome ¢ oxidase pathway.

Results

Construction of a Strain Inactivated for the COX5 Gene. Cytochrome
¢ oxidase is a large multiprotein complex (respiratory complex
IV) located in the inner membrane of mitochondria. The three
central catalytic subunits (Cox1p, Cox2p, and Cox3p) are mito-
chondrially encoded, whereas the others are encoded in the
nucleus. From analysis of Saccharomyces cerevisiae and Neuro-
spora crassa respiratory function, it appeared that Cox5p, subunit
V of cytochrome ¢ oxidase encoded by the COX5 gene, is
essential for the assembly and/or the function of complex I'V (30,
37). The P. anserina COX5 gene was isolated as described in
Materials and Methods. It is present in only one copy in the
genome (data not shown). The coding sequence of 834 bp is
interrupted by two introns, 268 and 71 bp. Its analysis reveals a
protein synthesized as a 168-amino acid precursor with a mito-
chondrial cleavage site predicted between amino acids 24 and 25
(motif RRAATT). The mature protein shows identity with
subunit V of lower eukaryotes (45% with S. cerevisiae subunit A
to 77% with N. crassa) and subunit IV of higher eukaryotes
(20-28%).

To test the effects of the absence of functional respiratory
complex I'V, the COX5 gene was inactivated by replacement with
a disrupted copy. Plasmid pPHS52 designed to replace the
wild-type allele by a defective copy is shown in Fig. 14. It was
used to transform the wild-type strain. To enrich for homologous
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Fig. 2. Effects of cyanide and SHAM on the respiration of COX5 and
cox5::BLE strains. Green arrow indicates the addition of the cells. Addition of
KCN and SHAM (1 mM and 2.5 mM, respectively) is respectively indicated as red
and blue arrows. The initial amount of oxygen present in the chamber
corresponds to 100%; KCN and SHAM (when KCN did not completely block
respiration) are respectively added when 60% and 30% of oxygen is still
present. Without addition of inhibitors, 100% of the oxygen is consumed.

recombination between the cox5:BLE construction and the
chromosomal COX5 gene, transformants resistant to phleomycin
and sensitive to hygromycin were selected (Fig. 1B). Of 1,452
primary phleomycin-resistant transformants tested, 83 were
found to be hygromycin-sensitive. Their analysis by Southern
blotting revealed that one transformant contained both
cox5::BLE-disrupted and COX5 nuclei (Fig. 1C, lane 1). This
primary transformant was crossed with the wild-type strain, and
homokaryotic phleomycin-sensitive and -resistant spores were
obtained. Southern blot analysis indicated that the sensitive
spores contained a wild-type COX5 allele (Fig. 1C, lanes 3 and
4), whereas the resistant spores contained the disrupted copy
(Fig. 1C, lane 2). From genetic analysis of about 100 asci, it was
concluded that the COX5 gene is located at 12 centimorgans
from the centromere and that the disrupted cox5::BLE allele is
recessive.

COX5 Gene Disruption Has Pleiotropic Effects. The low-temperature
spectrum of the cox5::BLE strain is similar to that of the
wild-type strain except for the absence of a peak at 607 nm
characteristic of reduced cytochrome aa3 (data not shown). The
absence of functional cytochrome ¢ oxidase was confirmed by
oxygraphic analysis. The respiration of the mutant was com-
pletely resistant to cyanide and sensitive to SHAM, an inhibitor
of the alternative respiratory pathway. In contrast, the respira-
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Fig. 3. Measurement of ROS elimination in the different strains. COX5 (m),
mex16 (#), and cox5::BLE (®) protoplasts from each strain were incubated
with H,DCF diacetate, and the DCF fluorescence was measured every 15 min
by flow cytometry. Cells with altered membranes (BET positives) were ex-
cluded from the analysis. Values of DCF fluorescence, expressed in arbitrary
units, are average values calculated with at least 10,000 protoplasts. (4) ROS
elimination in standard conditions. (B) ROS elimination in 0.018% H,0, me-
dium. (C) ROS elimination by COX5 protoplasts in the absence (blue curve) or
inthe presence (violet curve) of 1 mM KCN compared with the ROS elimination
by cox5::BLE protoplasts in the absence of KCN.

tion of wild-type young mycelium is about 10% sensitive to
SHAM and 90% sensitive to cyanide (Fig. 2). The cox5::BLE
mutation displays several phenotypic properties (Table 1). It
leads to a severe alteration in germinating mycelium and to
female sterility. It causes very thin and poorly colored growing
mycelia. The mutant exhibits a thermosensitive phenotype at
35°C; its growth is also impaired at 18°C, but the impairment is
less pronounced (65% of the growth at 27°C) than for the
wild-type strain (43%). Its growth rate at 27°C is decreased to
about half that of the wild-type strain.

Because most of the theories of aging implicate production of
ROS (38), we compared cellular ROS production in the
cox5::BLE and mexI6 mutants, which are both deficient in
cytochrome c oxidase, with that in the wild-type strain. As shown
in Fig. 34, the intensity of fluorescence (indicating the amount
of ROS elimination) was higher in COX5 than in the cox5::BLE
and mex16 protoplasts. Because H,DCF reduction to fluorescent
DCF depends on the activity of a catalyst (peroxidase, cyto-
chrome ¢, or Fe?™), we verified that the difference between the
wild-type and the two mutant strains reflects a difference in ROS
production and not in the concentration of the factors allowing
H,DCEF reduction. The intensity of fluorescence was therefore
monitored after addition of H,O,. As shown on Fig. 3B, similar

Table 1. Phenotypic properties and lifespans of wild-type and mutant strains

Growth rate,™ cm/day

Female
Genotype* 27°C 34°C8 18°C8 fertility Longevity*
COX5 0.68 = 0.03 0.71 = 0.02 0.29 + 0.03 Fertile 11.4 + 1.66 (20)
(105%) (43%) 10.6 = 1.35 (20)
cox5::BLE 0.30 = 0.04 0.11 = 0.03 0.19 = 0.03 Sterile >150(12), 79 = 14 (3)
(39%) (65%) >140 (8), 63 *+ 28 (7)
cox5::BLE[COX5] 0.68 = 0.08 0.76 = 0.05 0.25 *= 0.05 Fertile 12.6 + 4.65 (15)
(112%) (37%) 15.4 = 7.41 (15)

*COX5, wild-type strain; cox5::BLE, COX5-disrupted strain; cox5::BLE[COX5], strain containing the disrupted COX5 gene and an ectopic

COX5 copy.

TGrowth rate are given as means + SD. Growth rates were measured for 2 weeks on 30 subcultures of each strain.

*Mean lifespans are in cm = SD. Number in parentheses indicate the number of subcultures that have stopped growing (roman type)
and that are still living after 1" year of culture (italic type). Upper value is mat*, lower one is mat~.

SGrowth rate of a strain at 34°C and 18°C is expressed in cm/day = SD and as the percentage of the growth rate of the same strain at

27°C (in parenthesis).
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curves were obtained for the three strains, indicating that the
decrease of fluorescence in the mutant strains is caused by a
reduction in ROS production. Addition of 1 mM KCN in the
assay medium reduces ROS amount in wild-type cells to a level
similar to that of cox5::BLE and mexI6 cells (Fig. 3C), further
confirming that this reduction is caused by the inactivation of
cytochrome ¢ oxidase.

Inactivation of the COX5 Gene Leads to a Striking Increase of Lifespan
and to a Stabilization of the Mitochondrial Chromosome. Longevity
of the cox5::BLE strain was measured on five subcultures derived
from six independent spores and compared with reference
wild-type cultures. These experiments revealed a striking effect
of COX5 gene inactivation. As shown in Table 1, the longevity
of wild-type cultures is 11.4 * 1.66 and 10.6 £ 1.35 cm according
to the mat locus (21 to 28 days of culture), whereas 20 of 30 of
the cox5::BLE subcultures are more than 140 cm long (more than
1"2years of culture) and are still living. All of the five subcultures
derived from one of the six spores analyzed demonstrated a
growth arrest after 41 to 48.7 cm of culture (154 to 175 days).
Five other subcultures issued from three different spores
stopped growing between 62 and 112.8 cm (231 to 413 days).

Senescence in the wild-type strain is systematically correlated
with the accumulation of circular, tandemly arranged mtDNA
molecules (senDNAs). Three distinct classes of senDNAs («, S,
and +y) originating from three distinct regions of the mitochon-
drial chromosome can usually be observed (see refs. 10 and 11
for reviews). The mtDNA content of cox5::BLE cultures was
analyzed at various stages during growth. In no instance was
mtDNA alteration observed, even after 160 cm of growth. The
senescent state of the wild-type cultures is always paralleled by
the accumulation of senDNA « and by a strong reduction of
intact mitochondrial chromosome (Fig. 4, lane 3). The mtDNA
content of 8 of the 10 cox5::BLE subcultures (derived from 4
independent spores) that had stopped growing between 40 and
80 cm was analyzed 2 cm before the arrest of growth (Fig. 4, lanes
4,6, and 7). Either no trace (Fig. 4, lane 4) or a very low amount
of senDNA « and no trace of B senDNAs (Fig. 4, lane 6) was
observable in the different cox5::BLE senescent cultures,
whereas variable amounts of y senDNAs were recovered in all
of the cultures (lane 7). It can be noticed that the accumulation
of ysenDNAs (whose junction is show by an arrow in Fig. 4, lane
7) was not accompanied by the disappearance of intact mito-
chondrial chromosome, since the stoichiometry of the chromo-
somic fragments corresponding to the amplified region appears
unaltered (see Fig. 4, ® and @, lanes 4, 6, and 7). Although
senDNA « is barely detectable by hybridization in growing and
nongrowing cox5::BLE cultures, the 3’-5" « junction (tandem or
circular molecules) is always observed in PCR amplification
experiments. This result means that accumulation of senDNA«
is impaired in the mutant, whereas the generation of intron «
DNA circles can still occur.

Reintroduction of the Wild-Type COX5 Allele Complements All of the
Phenotypic Characteristics of the Mutant Strain. Plasmid pPH1
containing the wild-type COX5 gene and the HPH reporter gene
was used to transform the cox5::BLE strain, and hygromycin-
resistant transformants resulting from a nonhomologous inte-
gration of the vector were selected. The analysis of the
cox5::BLE[COX5] transformants revealed that the reintroduc-
tion of the COX5 gene reestablished a wild-type growth rate,
respiratory function, mycelial aspect, and female fertility (Table
1). Interestingly, it also reestablished a wild-type lifespan and the
correlation between senescence and accumulation of senDNA«
(often accompanied by  and y senDNAs) to a level comparable
to wild-type senescent cultures. As in wild-type strains, this
accumulation is paralleled by a strong decrease of intact mtDNA
(Fig. 4, lane 5). The large variation in the lifespan values of the
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Fig.4. Southernblotanalysis of mtDNA extracted from young and senescent
wild-type, cox5::BLE, and cox5::BLE[COX5] subcultures. DNA is digested by
Haelll. Lanes 1 and 2 respectively correspond to young cultures of wild-type
and cox5::BLE; lane 3, to a senescent wild-type culture; lanes 4, 6, and 7, to a
cox5::BLE culture that had stopped growing; and lane 5, to a senescent
cox5::BLE[COX5] culture carrying both the cox5::BLE deletion and an ectopic
integration of the COX5 gene. Hybridization was performed with probes
specific for the regions of the mitochondrial chromosome from which senDNA
a (lanes 1 to 5), senDNAs B (lane 6), and senDNAs vy (lane 7), respectively,
originate. The black arrow indicates the expected size for senDNA «; ®
corresponds to the encompassed Haelll mtDNA fragments expected to hy-
bridize with the a probe; ® corresponds to the encompassed Haelll fragments
expected to hybridize with the g and y probes; and white arrow indicates an
additional fragment generated by circularization of y senDNA.

cox5::BLE[COXS5] transformant studied (Table 1) corresponds
to few subcultures (3/30) presenting extended lifespan: 27, 34.9
and 36.9 cm. The COX5[COX5] progeny of a cross between
wild-type and this mutant strain demonstrate similar variation
(4/30 arrested after 31.9, 31.5, 25.8, and 22.5 cm). This result
indicates that this variation likely results from an ectopic inte-
gration effect and not from an incomplete restoration of wild-
type longevity.

Discussion

Causal Link Between Absence of Cytochrome c Oxidase and Longevity.
Although the physiological and molecular consequences of aging
demonstrated a correlation between senescence, accumulation
of mtDNA rearrangements, and mitochondrial cytochrome de-
fects (see refs. 1-3 for reviews), particularly in filamentous fungi
(see ref. 11 for a review), it was not possible until now to establish
a causal relation to lifespan for any specific function. We believe
that the results presented here constitute one of the first
demonstrations that the respiratory function is causally related
to aging. They agree with recent results that established that
intron « is not essential for senescence (16) and unequivocally
demonstrate that the “immortality” of the mex mutants lacking
both intron « and the COX1 protein results from the lack of
cytochrome ¢ oxidase function. Because loss-of-function muta-
tions in genes encoding essential cytochrome ¢ oxidase subunits
(COX1p in mex! and mexI6 mutants and COXS5p in the
cox5::BLE mutant) considerably lengthen lifespan, it can be
concluded that the normal respiratory function is one of the
principal processes contributing to shortening lifespan. This
result can explain why impairment of mitochondrial protein
synthesis, caused by chloramphenicol treatment or the mito-
chondrial mutation cap’l, greatly delays the onset of senescence
(26, 34). The finding that the absence of a normal respiratory
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pathway results in a lengthened lifespan may seem paradoxical
when compared with the data obtained in numerous organisms
that show defects in cytochrome ¢ oxidase associated with aging.
It can also seem contradictory with the recent finding that in C.
elegans, mutations in the mev-1 gene cause a severely decreased
activity of succinate dehydrogenase cytochrome b and a short-
ened lifespan, indicating a causal link between restriction of the
respiration pathway, increased superoxide production, and pre-
mature aging (8). These apparent contradictions are discussed
below.

Mitochondrial Chromosome Integrity and Longevity. In mammals,
the assertion that age-related accumulation of mtDNA muta-
tions plays a major role in aging is controversial (2, 19). However,
it is obvious that the presence of nonfunctional mtDNA mole-
cules exceeding a threshold concentration in obligate aerobes
may result in death and that there is therefore an inherent
relationship between the maintenance of mtDNA integrity and
longevity (11, 39). This relationship is verified in the cox5::BLE
mutant, where the increased lifespan is accompanied by an
increased stability of the mitochondrial genome.

In contrast to the wild-type strain, which displays a rapid and
reproducible cessation of growth systematically associated with
amplification of senDNA « and often of other senDNAs, the
cessation of growth in the cox5::BLE strain is not systematic;
when it occurs it is significantly delayed and never associated
with the accumulation of a or B senDNAs. Only variable y
senDNAs, in more or less abundant amounts, can be observed
when mutant subcultures stop growing. The absence of senDNA
a is not because of a notable reduction of a-spliced RNA
molecules assumed to be an intermediate in the formation of
senDNA « (12) and whose amount is similar in wild-type and
mutant mitochondria (C. Sellem, personal communication). It
appears that some steps necessary for the amplification of the
intron & DNA circles, but also for amplification of 8 senDNAs,
is compromised in the absence of normal respiration.

Recently, several nuclear mutants that do not amplify
senDNA « when senescent have been described. One of them,
grisea, is deficient for a transcription factor involved in the
control of copper homeostasis (40); two others are affected in
the cytoplasmic translational apparatus and contain high levels
of B senDNAs (41). In contrast to these two last mutations
hypothesized to modulate the expression of specific proteins
involved in the specific accumulation of the different types of
senDNAs, it seems that a more general mechanism affecting the
integrity of the mitochondrial chromosome is modified in the
cox5::BLE strain, where the accumulation of all of the senDNAs
seems to be compromised. This mechanism is either directly or
indirectly related to respiratory metabolism.

The observation that cox5:BLE subcultures stop growing
without extensive mitochondrial DNA rearrangements and with
a large concentration of intact chromosomal mtDNA raises a
fundamental question because, except for the grisea mutant, in
which reorganization of the mtDNA also appears to be reduced
during aging (40), all cases of senescence reported until now in
P. anserina are associated with gross mtDNA instabilities.

Respiratory-Dependent Parameters Controlling mtDNA Maintenance
and Longevity. The absence of cytochrome ¢ oxidase in the
cox5::BLE strain results in a severe respiratory defect and leads
to the use of a cyanide-insensitive respiratory pathway. In
contrast to published results suggesting that in P. anserina the
role of the alternative oxidase is assumed by the laccase protein
(42), recent data obtained in our laboratory indicate that P.
anserina, like N. crassa (43, 44) and Aspergillus nidulans (45),
possesses an alternative oxidase related to that present in plants,
protists, and some yeast species (see refs. 46 and 47 for reviews).
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This alternative oxidase is known to branch off the cytochrome
pathway at ubiquinone and donates electrons directly to oxygen.

An important feature of this pathway is that it does not trap
chemical or electrochemical energy and that electrons that flow
down this pathway lose two of the three potential coupling sites.
Some characteristics of the cox5::BLE mutant (female sterility,
reduced growth rate, alteration of the germination capacities,
thin mycelium) are probably the consequences of this reduced
level of ATP. However quantification of the total mass of a
wild-type culture that stops growing around 10-15 cm and that
of a mutant culture displaying a thin mycelium but growing more
than 140 cm shows that the mutant cox5::BLE strain is able to
produce more mycelium than the wild-type strain. The increased
mtDNA stability and longevity could be related to the deficiency
in ATP production. Indeed, the idea that a slow rate of living
caused by a reduced rate of energy metabolism results in an
increased lifespan is currently proposed (48, 49). According to
this hypothesis, the balance between the rate of molecular
damage and that of its repair sets lifespan. A slower rate of living
could lead to slower accumulation of unrepaired damage (50). In
the same connection, a reduced metabolic rate could result in a
slower production of reactive by-products of metabolism (such as
ROS). Consistent with this hypothesis is the finding that the
production of ROS is decreased in the cox5::BLE strain. Because
of this decrease or favored repair, the rate at which a number of
genetic alterations accumulate (specially the senDNA species)
could be considerably reduced in the mutant strain.

Besides a dramatic fall in ATP supply, the exclusive use of the
alternate pathway may have important physiological conse-
quences. In wild-type P. anserina, as in all organisms with a
branched mitochondrial respiratory chain, numerous factors
influence the positioning of electrons (44, 51). In general, it
appears that the alternative oxidase is induced when the cyto-
chrome pathway becomes restricted or inhibited either with
specific inhibitors or by disruption of mitochondrial protein
synthesis as shown in particular in N. crassa (44). Hypotheses
about the function of the alternative oxidase are numerous.
However, except for its role in supplying heat in thermogenic
plant tissues, no proven function was demonstrated in nonther-
mogenic plants, protists, and fungi. It has been recently sug-
gested that in addition to an “energy overflow” role, the
alternative oxidase could also act as a defense system against
oxidative damage (46, 52, 53) and may play a protective role in
mitochondria by preventing production of harmful reactive
oxygen species. Its constitutive expression in the cox5:BLE
strain could then result in better maintenance of the integrity of
the mitochondrial chromosome. This hypothesis presents com-
mon points with the above “rate of living”” hypothesis and is also
in accordance with our results showing a decrease of generation
of ROS with cox5::BLE and mex16 strains. It could also explain
why a reduction of the cytochrome pathway in organisms without
alternative oxidase such as C. elegans (8, 54) causes increased
ROS production and premature aging, whereas in other organ-
isms such as P. anserina, it would cause a decrease in superoxide
levels and an extended lifespan. It must be noted, however, that
in P. anserina (55) as in Neurospora (56) wild-type strains,
senescence is paralleled by switching from cytochrome ¢ oxidase-
mediated to cyanide-resistant respiration. This observation in-
dicates that whereas the constitutive expression of the alternative
pathway seems to prevent or to considerably delay the senes-
cence syndrome, its expression appears to be insufficient to
reverse this syndrome once it is set up.

A number of studies in different cell types have shown that
alteration of the mitochondrial functions results in the induction
of nuclear genes via an intracellular signaling pathway termed
retrograde regulation. It seems that this kind of regulation most
likely operates when mitochondrial respiratory functions are
compromised (see ref. 57 for a review). Recently, Kirchman et
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al. (58) demonstrated that in S. cerevisiae activation of the
retrograde response is correlated with an extension of lifespan.
In the same way, Felkai et al. (9) proposed that in C. elegans, the
clk-1 gene, which is a homologue of the yeast COQ7 (a regulator
of mitochondrial function), could control lifespan by means of its
contribution to the cross-talk between mitochondria and nu-
cleus. As mentioned above, the alternative oxidase is induced
when the cytochrome pathway is compromised. This induction
constitutes an interesting parallel to the retrograde signaling in
yeast, and it is likely that in addition to the alternate oxidase, this
type of regulation influences other genes. These genes are
expected to be involved in the adjustment of the metabolism to
the absence of the cytochrome pathway. Another hypothesis to
account for the increased longevity of the cox5:BLE strain
would therefore be that another metabolic function affected by
the retrograde response plays a major role in the control of
mitochondrial chromosome maintenance and longevity.

We think that the results of our investigations may have
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important implications for understanding the aging process of
various biological systems, including more complex multicellular
organisms, because relationships between mitochondrial func-
tion and aging have been recently demonstrated in other model
systems (8, 58). Although there are probably “multiple avenues
that may lead to senescence and these avenues may be different
in different species” (6, 59), it is generally admitted that some of
them are common to the different systems. The causal link
established here between respiration and aging could be such a
conserved factor operational over a large diversity of organisms.
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